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Abstract
Fractured glass is often found at shooting scenes and can provide useful information
for crime scene reconstruction. Mechanical glass fracture from a projectile impact can
result in different types of fracture patterns. The degree of fracture depends on several
factors including: type of glass, the thickness of the glass, curvature (if any), distance from
the muzzle, contact angle, and type of projectile. Correlating impact energy to the degree
of glass fracture can provide useful information regarding the muzzle-to-target distance for
a particular firearm/ammunition combination. This research focuses on the projectile
impact velocity of .177 steel BBs shot from a pneumatic air rifle. Double strength glass
panes, of ⅛” thickness, were chosen due to its common use in residential properties. A
Doppler radar system was used to measure the projectile velocity because it has the
advantage of coupling Doppler processing with pulse radars to provide accurate velocity
information with superior precision. The goal of this research is to characterize the
relationship between impact energy and glass fracture pattern. The kinetic energy of the
impact was calculated using impact velocity and projectile mass. The results of this study
were divided into three categories based on the visible effects of the impact: BB ricochet
with no visible damage to the glass (1.5J – 2.6J), BB ricochet with glass penetration and
fracture (2.0J – 3.8J), and BB perforation with glass failure (2.9J – 4.6J). The results of our
study can be used to develop future experiments using other types of firearms and
ammunition to study glass fracture patterns.
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Introduction
According to the Bureau of Justice Statistics, in 2011, more than 478,000 persons
were victims of a crime committed with a firearm (Planty & Truman, 2013). In the same
year, the FBI reported that firearms were used in 21 percent of aggravated assaults, 41
percent of robbery offenses, and 68 percent of murders nationwide (National Institute of
Justice, 2019). It is clear from the numbers that crime scene investigators deal with
shooting reconstructions on a regular basis.
Conventional firearms use gunpowder ammunition which holds its components in
a cartridge containing the bullet, propellant, and primer. The primer is commonly known
as the spark plug of the cartridge because it contains an explosive compound that, when
impacted by the firing pin, ignites the propellant. The propellant is a chemical used to
propel the projectile; upon burning, it produces high pressure and temperature, causing the
cartridge to obturate with all the gasses produced behind the projectile; those gasses are
turned into kinetic energy and used to propel the bullet down the barrel. Modern propellants
consist of smokeless powder; its precursor, black powder, isn't frequently used anymore.
The bullet is the projectile that is to be expelled from the muzzle of the barrel (Sparano,
1998).
The term firearm has different definitions depending on the jurisdiction: states like
New Jersey, Minnesota, and Rhode Island consider the use of non-powder projectiles as
firearms while states like Maryland, Ohio, and Texas do not deem it a firearm nor do they
have any laws against them whatsoever. Several states have age restrictions when it comes
to non-powder guns and states like Connecticut and Delaware list them as “dangerous
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weapons” (Gifford Law Center, 2019). The Daisy 880 Air rifle used in this experiment will
be treated as a non-firearm, since it is exempt from the general restriction by John Jay
College and New York City of not allowing firearms on campus. There are several ways
that manufacturers have harnessed energy to propel an object without the use of burning
powder: pneumatic air pump, spring piston, and compressed gas. Spring piston guns use
the release of a pre-cocked spring and piston system to compress air in a chamber to propel
a projectile. Compressed gas guns use the expansion of a gas like CO 2 to create the pressure
required to propel the projectile. Pneumatic air guns use a lever and pump system to create
the compressed air needed to propel the projectile.
Another aspect of shooting reconstructions deals with objects impacted by a
projectile. A shooting scene is an area of many variables and a projectile can strike a
number of objects besides a person, including inanimate objects such as wood, drywall, or
glass. The relationship between impact energy and glass fracture is an important area of
study due to the fact that glass is an abundant material in society, and can also be an
abundant material found at crime scenes. Glass is a brittle amorphous, non-crystalline
solid; in the reconstruction of a crime scene, shattered glass can be analyzed in different
ways such as physical matching as well as density and refractive index measurements.
Glass may often be the only thing between a bullet and its target, which is where
fractography is necessary. “Fractography is the means and methods for characterization of
fractured specimens or components” (Quinn, 2016). The majority of bullets will perforate
or shatter most categories of glass; in some cases the bullet may not have sufficient energy
to shatter the glass at all. Fractography can be considered an autopsy of glass, since it can
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lead to the location of a shooter, projectile impact velocity, and the conditions under which
the glass failed (Varshneya, 2016).
Ballistics is the science of the motion of projectiles in flight. “Terminal ballistics is
the study of the behavior and effects of a projectile when it hits and transfers its energy to
a target” (Zook, Frank, & Silsby, 1992). Many factors can affect terminal ballistics such as
velocity, mass, shape, and composition of the projectile, as well as the characteristics of
the substrate that the projectile impacts.
While impact fracture is the most common cause of fracture for glass objects, there
are other types of fractures, like thermal fracture, which is caused by high temperature or
dramatic temperature changes, and compression fractures, caused by a squeezing force
being applied to the glass. Impact fractures are caused by forceful contact with a hard
material such as a stone, a piece of steel, or a bullet. Glass is far weaker in its tensile
strength than its compressive strength, which means that a person can stand on a flat piece
of glass and it may not fracture because the force is more evenly distributed over the
surface. (Almirall, Buckleton, Curran, & Hicks, 2000).That same piece of glass can be put
in a frame with an equivalent force applied to it and the glass may fracture because the
strain is capable of overcoming the tensile or bending strength of the glass as seen below
in Figure 1. The side of the glass with the applied force is known as the loaded side and the
opposite side is the unloaded side; glass that breaks under this type of flexion or bending
will start to crack on both sides.
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Figure 1. Shows the applied force overcoming the tensile and compressive strength of the
glass resulting in concentric and radial fractures (SQA Academy, n.d.).
The process of glass fracturing is also dependent on impurities in its physical and
chemical makeup such as air bubbles; internal stresses also play a role in the fracturing
process. Most residential and commercial glass is soda-lime silica glass which accounts for
90% of manufactured glass. It is composed of three main materials: silicon dioxide (silica),
sodium oxide (soda) and calcium oxide (lime). Soda-lime glass can contain impurities
because these glasses are made in factories with a high volume of dust and other particles
in the air as well as high humidity, which causes minute cracks and stresses in the surface
of the glass when hardened. When glass is under flexion or subject to impact, it is these
weak spots that will cause the stress to concentrate in one place around the impurity,
weakening it to the point of fracture or breakage (Mahajan, 2008).
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The most common manufacturing process for glass is the Pilkington process which
produces “float glass”. Mainly used for consumer products such as windows, mirrors,
furniture, and automobiles, float glass can be enhanced or processed to produce laminated,
frosted, or toughened glass. In the float process, a continuous ribbon of molten glass moves
from a melting furnace to a bed of liquid tin on which the glass floats. Rollers that are
constantly cooled by water then pull the glass to a specific thickness depending on the
roller speed. The molten glass is kept at a high enough temperature at which some
impurities can be melted out and, since the bed of tin is completely flat, the glass will be
as well. (Pilkington, 1969)
During this process, tin from the liquid bed is absorbed onto the contact side of the
glass. This tin side can be determined by illuminating the glass with short-wave ultraviolet
light (254 nm) due to the tin’s fluorescence under specific conditions. The non-tin side or
“air side” will not fluoresce. (Pilkington, 1969)
Under low velocity impact, glass will bend in the direction of the applied force,
cracks will develop on the unloaded side of the glass, and travel to the loaded side. These
cracks are called radial fractures because they originate at the point of impact and radiate
outwards towards the edge of the glass as seen in Figure 2. By examining the ridges on the
fracture surface of the radial cracks it is possible to determine the direction of the force;
these ridges are known as Wallner lines. The ridges along the fracture surface begin at right
angles to the opposite side of the impact surface (Koons, Buscaglia, Bottrell, & Miller,
2005).
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Figure 2. Shows how the radial and concentric fractures appear on the surface of the glass
(SQA Academy, n.d.).
If the glass is held firmly in place by a frame there may also be concentric/tangential
cracks around the impact point that form a circular pattern as opposing forces tend to bring
the glass back to its original plane (Koons, Buscaglia, Bottrell, & Miller, 2005). These
fractures are propagated after the formation of the radial cracks. They start on the loaded
side and they form between adjacent radial cracks. Projectiles that fail to perforate the glass
may leave a crater on either the loaded or unloaded side of the glass depending on the
impact energy. The order of multiple impacts can be deduced when the cracks caused by a
subsequent impact terminate at previously formed cracks. As seen in Figure 3, we can
determine the sequence by the way the radial cracks interact with each other.
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Figure 3. Shows the radial and concentric fractures, as well as the order of impact, BAC
(Saferstein, 2013)
The radial cracks from bullet impact “C” do not cross the radial cracks that emanate
from bullet impact “A” or “B” concluding that “C” happened last because a fracture will
not cross a pre-existing fracture. With that same logic we can determine that “B” happened
before “A”, thus the sequence being B, A, C.

Understanding the relationship between energy and glass fracture adds to the body
of knowledge that can aid in shooting reconstructions because it can help in determining
muzzle-to-target distance of a shooter, conditions under which the glass failed,
firearm/projectile combination and possibly location of a shooter; it can also help in
proving or negating a witness’s alibi. The analysis of glass in reconstruction depends on
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the study of radial and concentric fractures, Wallner lines, rib marks, and sequence
determination. Each type of glass is specifically made and will fail under different
conditions. The nature of the fracture depends on several factors including: type of glass,
the thickness of the glass, curvature (if any), distance from the muzzle, temperature, contact
angle, and type of projectile (Ismail, Zaïri, Naït-Abdelaziz, & Azari, 2012). Due to the high
degree of variables at a crime scene, this research is just the tip of the iceberg when
considering shooting scene reconstructions.
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Literature Review
Many researchers have studied fractography of glass using various projectiles and
types of glass. Bouzid, Nyoungue, Azari, Bouaouadja, and Pluvinage (2001) used the ball
drop test in which a 55 grain steel ball was dropped onto a 100mm x 100mm x 5mm pane
of float glass to characterize glass fragmentation patterns using a damage criterion defined
by the authors. This damage criterion related glass damage to the volume of glass affected
by the impact: the greater the force of impact, the greater the volume of glass affected by
the impact. The damage criterion was used to characterize the transition between simple
and multiple fragmentation patterns.

Harshey, Srivastava, Yadav, Nigam, Kumar and Das (2017) looked at fracture
patterns of window panes of different sizes: 1ft x 1ft with thicknesses of 3mm, 4mm, and
5mm. The 4mm glass was divided into two categories: transparent and Sun Coated Film
(SCF). An air rifle with .177 caliber lead pellets was used with a custom frame kept at a
distance of 12 feet from the muzzle. The authors measured the hole diameter, which ranged
from 4.77mm to 7.5mm, the thickness of the mist zone (chipping), and the diameter of the
mist zone to distinguish damage patterns caused by both air-guns and standard firearms
using gunpowder ammunition.

Tiwari, Harshey, Das, Abhyankar, Yadav, Nigam, and Srivastava (2019) looked at
the pattern of multiple fractures on a pane of glass using round-nose pellets shot from an
air rifle. The researchers used 3mm, 4mm, and 5mm thick window panes of 1 ft2 in a metal
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frame positioned 12ft away from the muzzle of the air rifle, continuing the work of
Harshey et al. (2017). Each pane of glass was shot twice on the same side of the glass,
averaging a distance of 2.5”–3.0” between shots. The authors measured hole diameter, mist
zone diameter, and mist zone thickness for each impact. They found that there was
consistency in the fracture pattern for each thickness of glass. They observed that the 3mm
panes had circular shaped mist zones, the 4mm panes had elliptical or triangular shaped
mist zones, and the 5mm panes had irregularly shaped mist zones. The projectile velocities
were not measured.

Morrissey, Fox, Wereszczak, and Vuono (2012) examined the low velocity impact
of different density spheres on Starphire soda lime silicate glass using a velocity controlled
gas gun. The five sphere types consisted of steel, alumina, silicon nitride, borosilicate glass,
and soda-lime silicate glass. The focus of the experiment was to determine the response of
the glass to spheres of densities similar to that of rock, and to determine which velocities
initiated fracturing. Velocity measurements were recorded with a laser system which
utilized a software program and a high-speed data acquisition card developed in-house.
The authors found that fracture patterns were affected by frictional effects and there was
greater force necessary to initiate fracturing under dynamic conditions as compared to
static conditions (Morrissey, et al., 2012).

Tulleners, Thorton, and Baca (2015) experimented with the impact of double
strength 8” x 8” glass using a drop weight with three interchangeable impact tips: round,
sharp, and blunt. The weight was dropped from predetermined heights to initiate fracturing.
Velocities were calculated using an electronic timing system and a high-speed camera.
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Their results determined that the blunt tip required the greatest velocity and the round tip
required the least to cause fracture in the glass; the sharp tip created the fewest fracture
lines, while the blunt tip created the most fracture lines, and the round tip formed starshaped fracture patterns.

Nathenson (2006) studied spherical particle impacts on soda lime glass using four
different velocity ranges (150m/s, 230m/s, 300m/s, 350m/s) and four plates of different
thickness (3mm, 5mm, 15mm, and 25.4mm). Nathenson measured contact time, impact
velocity, rebound velocity, and cracking pattern. The system used a compressed nitrogen
gas firing system and a specially designed impact chamber which allowed for
measurements to be taken.

The results were that the cracking patterns, both radial and lateral, were found to
change significantly with impact velocity but not with thickness. Lateral cracks begin at
the bottom of a depression; during the unloading process (when the projectile rebounds off
the glass substrate), they elongate back towards the impact surface and if they reach the
surface it can cause fragments to be discharged. The 3mm glass did not exhibit lateral
cracks but radial fractures did propagate at 149m/s. The 5mm glass exhibited radial
fractures at 234m/s and partial lateral cracks propagated at 155m/s. The 15mm glass did
not produce any radial fractures but did have partial lateral cracks beginning at 137m/s.
The 25.4mm did not produce radial fractures either but lateral cracks began at 139m/s.
(Nathenson, 2006).
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In the previous studies summarized above, the authors who measured projectile
velocity used conventional velocity tracking instruments such as a chronograph, which is
a specialized time-keeping instrument. This current research uses the Infinition BR-3503
Doppler Radar System to measure projectile velocity. The use of a pulse Doppler system
repeatedly measures the time between when the emitted microwave hits the projectile and
returns to the radar thus measuring the distance to the object during the specified time
frame. The Doppler system processes information digitally using the Fast Fourier
Transform as opposed to zero-analog crossing techniques which are used in chronographs.
It is designed to be more sensitive when velocity measurement must be done on very small
projectiles (Infinition, n.d.).
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Materials and Methods
A .177 caliber Daisy Powerline 880 pneumatic air rifle and Daisy zinc-coated steel
BBs were used. This air rifle has a barrel length of 20.8 inches and is able to fire both BBs
and pellets. BBs are spherical projectiles and usually made of steel, causing them to
ricochet more than pellets. Pellets come in many different shapes and sizes such as hollow
point, pointed tip, and wad cutters. They are mainly made up of lead, which is a softer
metal than steel, and ricochet with less energy than the BB, since more of its energy is
transferred to the target on impact.
Pneumatic air rifles use an air pump operated by a lever to pressurize an internal
reservoir that is discharged when shooting. The Daisy Powerline 880 has a multi-pump
design; a single pump is the alternate type of design which only allows for one specific
energy level. The multi-pump design uses multiple pumps to attain different energy levels
depending on the distance of the target. When the reservoir reaches maximum pressure, the
lever can no longer pump until the shot is discharged. For the Daisy 880, the maximum
pressure limit is achieved after approximately 10 pumps. The manufacturer recommends
stopping at 10 pumps, after which the pressure can build up to a point where the lever
becomes very difficult to pump and can damage the gun (Powerline by Daisy, 2011).
Maximum pressure may differ based on the condition of the internal parts and the wearand-tear to the springs. A new pneumatic pump rifle with 10 pumps may generate a
different potential velocity than one that is older.
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Figure 4. Daisy Powerline 880 Air Rifle.
Each BB was weighed using a Mettler Toledo analytical scale (Model # PL602E)
and the diameter measured using a 6” digital Pittsburgh caliper (Model # 47257). 10” x
10” double strength float glass panes of 1/8” thickness were purchased from Clinton Glass
& Mirrors located on 666 9th Avenue in New York City. Each pane of glass was numbered
and labeled on the fluorescent side, as verified using a 254nm ultraviolet lamp, and the
glass was set into a custom-built frame to simulate real world window panes. The frame
was set up 15 feet from the muzzle of the air rifle and the Infinition BR-3503 Doppler
Radar System was placed adjacent to the muzzle. Units of feet rather than meters were
used to measure distance from the muzzle to the pane of glass because the John Jay
Ballistics Lab has 1ft x 1ft floor tiles.
The BR-3505 system utilizes the Doppler principle to measure the velocity of
moving objects. The Doppler effect is the change in frequency as the source of the waves
(electromagnetic or sound) and observer move toward or away from each other. The effect
causes the sudden change in pitch noticeable in a passing siren of a police car or ambulance,
the waves in that case being sound waves. The BR-3503 Doppler Radar System emits
microwaves at a specific electromagnetic frequency and when the waves are reflected off
the projectile, the change in frequency is recorded and the velocity is calculated. The pulse
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allows for tracking at different intervals so the projectile’s entire time of flight can be
recorded at multiple points detecting any changes in speed. The BR-3503 Doppler Radar
System can determine impact velocity, muzzle velocity, in-bore measurements, and
residual velocity. Residual velocity can include both ricochet velocity and the reduced
velocity after the projectile perforates through the substrate. The BBs were shot at the glass
plates on the fluorescent side and the Doppler system was used to calculate: the muzzle
velocity, impact velocity, and residual velocity. Each pane of glass was shot at orthogonally
and a laser sight was used to target the center of the glass pane. The velocity range of the
BBs was controlled by the number of pumps of the air rifle.

Figure 5. Felt plugs (left) and steel BBs (right)

.177 caliber Air Venturi Quick Cleaning Pellets felt were also used to decelerate
the BBs to intermediate velocities between an incremental number of pumps. These felt
plugs are small cylindrical objects that are usually inserted from the breech and shot out of
the rifle for cleaning purposes. For this experiment, they were inserted 5 inches down the
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muzzle of the air rifle using a scaled rod with one-inch divisions. The BBs were loaded
into the breech as seen in Figure 6. The felt plugs traveled different distances after being
fired from the muzzle. These distances did not depend on the velocity of the projectile
because the felt plugs have less mass and are not aerodynamic, causing them to be more
susceptible to air resistance. A majority of the felt plugs did not reach the target.
BBs were initially shot into cardboard substrates to ascertain the velocity ranges
without felt plugs. Experiments were then done to determine if the distance of the felt plugs
inserted down the muzzle would change the velocity of the BB. The results were that the
velocity range of the BB did not change whether the felt plug was placed 5", 7", 10", or
13" down the muzzle. When multiple felt plugs were inserted into the barrel, the last felt
plug was 5" from the muzzle. Experiments were conducted to ascertain the BB velocity
with three trials per pump/felt-plug combination. As expected, the BB velocities decreased
as more felt plugs were inserted.

Figure 6. A BB loaded into the breech of the Daisy air rifle.
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Figure 7. Close up of the Daisy air rifle.

Figure 8. Shows the Doppler Radar system and the Daisy Air rifle.
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The Doppler radar system is composed of different parts: the Doppler radar box
and the junction box are depicted in Figure 9. The Doppler radar box produces the
microwaves that are emitted from the radar at 35.5 GHz. The junction box allows
communication between the Doppler radar box, an acoustic trigger, and the computer
software, which was loaded onto the laboratory laptop computer.

Figure 9. The Doppler radar box (left) and the Junction box (right).

The radar is constantly emitting microwaves, so the acoustic trigger gives the
software the signal to start collecting data at the sound produced at the muzzle upon pulling
the air rifle trigger.
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Figure 10. The acoustic trigger.
The radar emits the pulsed microwaves that are to be reflected off of the projectile,
and also records the frequency of the reflected waves which are then calculated by the
software to determine velocity.

Figure 11. Doppler radar
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Figure 12. Doppler radar face.
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Figure 13. Overall view of the experimental set-up.
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This experiment separated the BB impacts onto the glass pane into three categories.
The degree of damage was categorized based on visible differences. The three categories
were: BB ricochet with no visible damage to the glass, BB ricochet with glass penetration
and fracture, and BB perforation with glass failure. Glass penetration was noted when the
BB ricochet caused cratering of the glass target at the point of impact, while glass
perforation occurred when the BB fully traversed through the target. The experiment was
performed indoors at the John Jay College Ballistics Lab to control for environmental
factors.
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Results and Discussion
This experiment collected data regarding the range of velocity which resulted in a
specific type of fracture pattern ranging from no damage to perforation, with associated
radial and concentric fractures. The initial experimental design was to have a “fair shot
zone”. The idea of the fair shot zone was that if a pane of glass did not fracture at all or if
the fracture was very small, then the pane could be used again. This experimental design
proved faulty: an initial shot which produced no visible damage must have weakened the
glass because a subsequent shot with a similar impact velocity produced profound damage,
leading to results that were not solely dependent upon the energy of the projectile. This
demonstrated that there must be some type of plastic and elastic deformation that is not
visible to the eye or not large enough to be present on the face of the glass. This data is
represented in the white region of Table 1 in which velocities far lower than the
experimental threshold values would fracture the glass, causing outliers in the data range.
Upon this observation, the experimental design was changed to shoot each pane of glass
only once even if the glass was not damaged in any visible way.
BB ricochets which resulted in no visible damage to the glass occurred with a
velocity range from 93m/s to 123m/s, as seen in the red region in Table 1. The next set of
data points are represented in the yellow region of Table 1: these points are where the BBs
caused fracturing of the glass and ricocheted, in some cases penetrating the glass as seen
in Figure 14. The velocity range of the yellow region was from 109m/s to 147m/s. In the
yellow region there is a velocity of 108m/s which is below the radial fracture threshold
showing some overlap in the velocity ranges.
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Figure 14. An example of where the projectile fractured the glass and ricocheted; this kind
of damage is summarized in the yellow color-coded region of Table 1.

When a BB perforated the glass, causing a crater or large hole, this data was placed
in the green color-coded region of Table 1 under complete glass failure as depicted in
Figure 15.
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Figure 15. An example of where the projectile perforated and there was complete glass
failure; this kind of damage is summarized in the green color-coded region of Table 1.

During the course of the experiment there were instances where the acoustic trigger
failed to initiate data collection, so the Doppler system did not provide velocity data even
though the glass pane responded to the BB impact with associated degrees of damage. The
failure of the acoustic trigger to begin data collection is represented by N/A in the impact
velocity column of Table 1. Velocity data was collected for all pump/felt-plug
combinations that were shot into the recovery medium of cardboard. Those readings were
within two standard deviations of each other, thus velocity data can be estimated when
there is acoustic trigger failure.
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Table 1. Data collected for each pane of glass and pump/felt-plug combination.
The kinetic energy equation (KE = 0.5 x mv2) was used to relate the energy (in
joules) to the range of fracture patterns in the glass panes. The mass in this equation is the
mass of each individual BB and the velocity was calculated from the Doppler system
software. Energy was calculated from velocity because most modern ammunition is not
spherical or steel. By using kinetic energy, we would be able to see if combining different
masses with different velocities will produce the same fracture pattern in a given energy
range. Calculated energy values are summarized in Table 2 below.

Table 2. The velocity values converted to energy values.
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This experiment provides preliminary data to determine if kinetic energy can be
correlated to glass fracture patterns. The ability to correlate kinetic energy to fracture
patterns can provide useful information in shooting incidents and potentially help in
reconstruction of the incident. There are many variables in a shooting incident that will
make determinations difficult from one scene to the next. Table 2 shows that an increase
in energy of the projectile leads to increased damage to the pane of glass. It also shows that
there are overlapping energy intervals that resulted in different fracture patterns. This can
be due to different variables such as glass composition, as stated earlier, and inconsistencies
in the Pilkington process, resulting in air bubbles and dust particles trapped in glass.
Because of this, these weak points are different in every pane of glass. Another variable
would be the amorphous structure of glass: its non-crystalline formation leads to random
weak points, unlike crystals which may cleave in a certain direction or angle based on the
crystal lattice structure. Table 3 (in Appendix 1) shows the average thickness of each pane
of glass. There is a 5% difference in the range of thicknesses which can also be a factor
contributing to the overlapping energy ranges.
Each BB was measured and weighed twice. The average diameter and mass were
recorded, as summarized in Table 4 (Appendix 1); the BBs have slightly different
thicknesses due to the fact that they have a layer of zinc coating the steel. BBs that
ricocheted off of the glass panes were flattened on the side of the BB that impacted the
glass. It is likely that the energy of the BB, insufficient to perforate the glass pane, was
instead imparted to the zinc coating, which is softer than the steel core, causing it to flatten.
The BBs that perforated the glass did not exhibit such flattening; most likely, the energy
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of impact was transferred to the glass pane, causing damage to the glass instead of
deformation to the BB zinc coating.

29

Future Research
Further experiments can be done to determine the amount of strain that is caused
by the projectile on the pane of glass before the glass is damaged or fractured. This can be
done by placing polarized sheets of plastic on both sides of the glass to determine the
amount of stress that has been put on the glass. A high-speed camera can be used to record
the projectile impact on different areas of strain.
Research can also be done with windshield glass which is commonly encountered
in vehicular crimes. Motor vehicle windshields in the United States are composed of
laminated glass which has a layer of plastic between two panes of heat strengthened glass
(Koons et al., 2005). Laminated glass is known for its ability to resist penetration. It is used
as security glass or to restrain passengers within a vehicle during collisions in order to
reduce injuries from vehicular collisions. More research is being done with the Doppler
radar system using different substrates such as wood and drywall since both can be
important to crime scene reconstruction. Such research can improve the fundamental
understanding relating impact energy to the fractography of glass and different substrates.
Continuing research on this project can also be done by cutting the BBs in half,
preferably with a diamond saw, to determine the average difference in diameter of the zinc
layer. The BBs can also be viewed under a stereomicroscope to assess deformation and
determine if glass particles were embedded in them. Several BBs were flattened on the side
that impacted the pane of glass; this flattening is most likely due to the zinc coating around
the steel BB.
Shooting the panes of glass on the air side or the non-fluorescent side, is another
type of experiment because the fluorescent side is known to have slightly different
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consistencies due to the layer of molten tin used in manufacture. There can also be different
types of glass targets to be impacted such as heat strengthened glass in which there is a
slower cooling process which results in a lower compressive strength; usually it is about
twice as strong as untreated glass panes with an average failure strength of 71.3MPa.
Tempered glass, in which the cooling process is sped up, creates higher surface
compression with an average failure of 98MPa, making it 3-4 times as strong as untreated
glass (Veer, Louter, & Bos, 2009).
The target type and the dynamics of the projectile are important variables which
profoundly affect the relationship between kinetic energy and glass fracture.
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Appendix 1: Glass and BB Measurements

Table 3. Shows the average thickness of each pane of glass. The average was calculated
from thickness measurements at the four corners of the glass. The first two glass panes
were preliminary test substrates so measurements were not taken.
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Table 4. The average mass and diameter of each BB used.
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Appendix 2: Infinition Graphs
The following figures are the graphs from the Infinition software the graph consists of an
x-axis of time in seconds and a y-axis of velocity in meters per second. The software
can also determine muzzle velocity (V0), terminal velocity (Vx1) and residual velocity
(Vx2).

Figure 16: Plate 003 from Doppler system software
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Figure 17: Plate 004 from Doppler system software

Figure 18: Plate 006 from Doppler system software
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Figure 19: Plate 007 from Doppler system software

Figure 20: Plate 010 from Doppler system software
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Figure 21: Plate 011 from Doppler system software

Figure 22: Plate 013 from Doppler system software
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Figure 23: Plate 014 from Doppler system software

Figure 24: Plate 015 from Doppler system software
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Figure 25: Plate 016 from Doppler system software

Figure 26: Plate 018 from Doppler system software
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Figure 27: Plate 019 from Doppler system software

Figure 28: Plate 020 from Doppler system software

